The effects of Fe and K contents of Fe-and K-loaded chars containing 0 23% Fe and 0-20% K, respectively, with negligible amounts of poisoning elements, on the CO 2 gasification behavior (C + CO 2 → 2CO) were investigated in the temperature range of 750-1050°C. For 23% Fe-loaded char at gasification temperatures of 900 and 1000 °C, the CO 2 gasification rate constants (K p ) were respectively 3.3 times and ~ 8 times higher than those of the char without Fe. At 900 °C, the K p value increased with an increase in the Fe content up to 10% and remained almost constant above 10% Fe. For K-loaded chars, the K p value of the char loaded with 10% K had a maximum value of 5.4 min −1 at 900 °C; this value was ~ 300 times that of the char without K loading and ~ 90 times higher than the corresponding K p values of Fe-loaded chars at 900 °C. The addition of excess K (upon loading greater than 10%) to bio-char decreased the K p because of the decrease in the number of active sites on the char surface.
Introduction
To mitigate CO 2 emissions and prevent the depletion of fossil fuels, conversion technologies from renewable sources to energy have recently become topics of intense investigation. Biomass is the only renewable energy source that can be converted to not only electricity, but also liquid fuels such as gasoline, light oil, jet fuel, and dimethyl ether (DME). The biomass-to-liquid (BTL) process is one of the technologies that convert biomass to liquid fuel and generally consists of biomass gasification, gas cleaning, gas compression, the Fischer-Tropsch (FT) synthesis reaction, hydrocracking, and distillation. In this process, the feedstock is gasified to produce syngas (CO + H 2 ), and therefore, there are fewer constraints on the nature of the feedstock; this makes the process advantageous over other bioenergy conversion technologies. However, currently operating commercial plants do not use this process because it lacks economic viability. Simulation of the BTL process, which comprised steam gasification, gas compression, the FT synthesis reaction, hydrocracking, and distillation, indicated that the input energy required to produce steam as a gasifying agent and for gas compression constituted approximately 35% and 50% of the total input energy, respectively (Fujimoto, et al., 2008) . Therefore, the gasification step should yield product gas with high syngas content without the use of steam.
The main gasification reactions are as follows:
Biomass → C + CO + CO 2 + H 2 + CH 4 + tar, etc. (pyrolysis) (1) C + 1/2O 2 → CO (partial oxidation)
(2) C + O 2 → CO 2 (complete combustion) CO + H 2 O ↔ CO 2 + H 2 (water-gas shift reaction) (6) C + CO 2 → 2CO (Boudouard reaction) (7) CH 4 + CO 2 → 2CO + 2H 2 (dry reforming) (8)
To produce syngas without steam, biomass gasification using CO 2 as a gasifying agent and catalysts has been reported (Elliott, et al., 1984 , Tomishige, et al., 2004 , Lv, et al., 2007 , Mitsuoka, et al, 2011 , Xie, et al., 2012 . However, steam is indispensable for the promotion of the reactions that produce H 2 , i.e., reactions 4-6. The water-gas shift reaction (6) is exothermic and is promoted over Cu-Zn or Fe-Cr catalysts, even at 200-300 °C. From the point of view, the hydrocarbon liquid productivity of 0.016 m 3 d −1 was attained through the operation of a bench-scale BTL plant that involved woody biomass gasification with oxygen-enriched air/CO 2 as the gasifying agent to produce CO-rich syngas, followed by the water-gas shift reaction, gas cleaning, gas compression, and the FT synthesis reaction (Hanaoka, et al., 2011 (Hanaoka, et al., , 2012a (Hanaoka, et al., , 2012b . To make the proposed process economic, it is necessary to improve the gasification step for application to the most feedstock in addition to woody biomass and production of CO-rich syngas through the promotion of the Boudouard reaction (7).
There is a consensus that alkaline, alkaline earth, and transition metal species are the most effective catalysts for biomass gasification. Reaction 7 is promoted not only by the indigenous metals in the feedstock, but also by the addition of metal catalysts to the feedstock Richards, 1990, Huang, et al., 2009) . The metal catalyst employed in the gasification step should be effective for CO 2 gasification of bio-char and inexpensive. Potassium is one of the most active metal catalysts Richards, 1990a, 1990b) . Iron is a relatively active transition metal catalyst (Hurley, et al., 2010) and inexpensive. We believe that the complete BTL process can be made economic by promoting the CO 2 gasification of metal-loaded char and recycling the catalyst metal.
If elements such as Ca, Si, and S are contained in the char, K and Fe as a catalyst metal react with such elements to form their compounds at high temperatures, followed by the decrease in the gasification rate (Suzuki, et al., 1995 , 1999 , Otsuka and Furimsky, 1996 , Skoulou and Zabaniotou, 2012 . However, the effects of a wide range of K and Fe contents on the Boudouard reaction have not been fully elucidated. In the present study, the effects of the K (0-20%) and Fe (0-23%) contents were investigated using K-and Fe-loaded bio-chars that contained negligible amounts of other elements; accordingly, the appropriate metal catalyst and optimal metal content required for CO 2 gasification is discussed.
Experimental

Preparation of Fe-and K-loaded char
At Biomass Technology Research Center (BTRC), AIST, Japan, bioenergy conversion technologies have been developed using Douglas fir (Pseudotsuga menziesii) and eucalyptus as common feedstock. In the present study, Douglas fir (1-4 mm) was employed as the feedstock. Table 1 shows the results of the chemical analysis of the feedstock and chars. The proximate analysis was performed using a thermogravimetric analyzer (Thermo Plus TG 8120; Rigaku). The calorific value of the sample (HHV) was determined using Dulong's equation, as follows (Perry and Chilton, 1973) :
where C, H, O, and S are the carbon, hydrogen, oxygen, and sulfur contents of the feedstock on a dry basis. Chars for loading with potassium were prepared through the pyrolysis of raw feedstock at a heating rate of 10 °C s −1 under Ar flow at 800 °C (denoted as K0). Similarly, the chars for loading with iron were prepared through the pyrolysis of demineralized feedstock at a heating rate of 10 °C s −1 under Ar at 700 °C (denoted as Fe0). Here, demineralization was accomplished by washing the raw feedstock with acetic acid solution (Davidsson, et al., 2002) . The feedstock (1 g on a dry basis) was immersed in 1 mol L −1 acetic acid (50 cm 3 ) for three days, and the sample was then filtered, rinsed with distilled water (~50 cm 3 ), and dried at 105 °C in an oven overnight to generate the demineralized feedstock. The amount of ion dissolved in the filtrate was analyzed using an ion analyzer (IA-100; TOA Electronics Ltd.). Table 2 shows the amount of ion dissolved from Douglas fir. The ash in Douglas fir in Table 1 would contain oxides of sodium, potassium, magnesium, and calcium. No decrease in the sample weights of K0 and Fe0 were observed above 700 °C (Okumura, et al., 2009) . Although the pyrolysis temperatures differed by 100 °C, we believe that the differences in the char structures of Fe0 and K0 are negligible because the difference in the heating time was only 10 s. results of the analysis of the demineralized feedstock, K0 and Fe0. The sulfur and ash contents were 0.00% on a dry ash-free basis and 0.0% on a dry basis, respectively. Fe-and K-loaded chars were prepared using the impregnation method. Fe0 and K0 were immersed in 0.025 mol L −1 iron (II) acetate and 0.2 mol L −1 potassium acetate solutions, respectively, and dried at 105 °C in an oven overnight. The Fe contents were 2.2, 4.6, 10, and 23% (denoted as Fe2.2, Fe4.6, Fe10, and Fe23) and the K contents were 2.1, 6, 10, and 20% (denoted as K2.1, K6, K10, and K20). In commercial processes, catalyst metals are impregnated by spraying a metal acetate solution with the desired metal concentration on the bio-chars followed by heating to the desired gasification temperature.
Characterization
The specific surface areas and pore volumes of the char samples were determined using an automatic specific surface area/pore size distribution analyzer (BELSORP Max, BEL JAPAN, Inc.). The N 2 adsorption-desorption isotherms (−196 °C) were measured at relative pressures (P/P 0 ) of 0.01-0.99. The total specific surface areas were obtained using the Brunauer-Emmett-Teller (BET) method (Brunauer, et al., 1938) ; the surface areas and pore volumes of the mesopores were obtained using the Barrett-Joyner-Halenda (BJH) method (Barrett, et al., 1951) .
X-Ray diffraction patterns of the samples were recorded using an X-ray diffractometer (RINT-TTR III; Rigaku) operating at 50 kV and 30 mA. The crystallite sizes were calculated using Scherrer equation, as follows:
where D, λ, θ, and β are the mean crystallite size, wavelength of characteristic X-rays, Bragg angle, and full width at half maximum (FWHM), respectively. The FWHMs of peaks corresponding to α-FeOOH at 21.3° and α-Fe 2 O 3 at 49.3° were used.
The char samples were analyzed using scanning electron microscopy (SEM)-energy dispersive X-ray spectroscopy (EDX). Analyses were carried out on an S-4800 SEM (Hitachi) combined with a Genesis-XM2 instrument (EDAX).
Measurement of the CO 2 gasification reactivity of the chars
The reactivity of the char samples in pure CO 2 was measured using a thermogravimetric analyzer (TGD-9600, ALVAC). Char samples under Ar at 400 cm 3 (STP) min −1 were heated to a temperature, which was 200 °C below the desired temperature, at a heating rate of 10 °C s −1 and then to the gasification temperature at a rate of 2 °C s −1 . When the gasification temperature was reached, CO 2 (99.95%) was introduced at a rate of 400 cm 3 (STP) min −1 . The gasification temperature was in the range of 750-1050 °C at 0.03 MPa (gauge). The CO 2 gasification experiments were performed three times using char samples chosen at random (approx. 6 mg, 2 to 4 mm). Here, the carbon conversion (X) was defined as follows:
where, W 0 is the initial sample weight and W t is the sample weight at any gasification time t, respectively. Figure 1 shows the effect of the carbon conversion (X) on the non-dimensional rate ((dX/dt)/(dX/dt) 0 ). The plots of the non-dimensional rates were more convex than those of the volume reaction model (dotted line). In this case, the random pore model (RPM) was applied to estimate the CO 2 gasification rates of the chars (Bhatia and Perlmetter, 1980 , Gil, et al., 2010 , Yuan, et al., 2011 . In cases where a drastic increase in the non-dimensional rate is observed at high carbon conversion (X > 0.6) during the CO 2 gasification of metal-loaded chars, the extended random pore model (eRPM) is usually applied to estimate the gasification rates (Tancredi, et al., 1996 , Marques, et al., 2002 , Zhang, et al., 2008 , Kopyscinski, et al., 2013 . However, in the present study, no drastic increase was observed even at high carbon conversion because the char particles were isolated each other on a pan in the thermogravimetric analyzer. Therefore, in the present study, the RPM was also applied to estimate the CO 2 gasification rate of metal-loaded bio-chars via the following equation:
where X, K p , and Ψ are the char conversion on a dry ash-free basis, the gasification rate constant, and a parameter related to the pore structure of the char sample (X = 0), respectively. 
Results and discussion
The temperatures at which the chars are loaded with metals (105 °C) and undergo CO 2 gasification (750-1050 °C) are vastly different. Therefore, some of the metal catalyst atoms are likely to be released or aggregated during heating to the gasification temperature (Davidsson, et al., 2002 Nowakowski, et al., 2007 , Porbatzki, et al., 2011 . Hopefully the loaded metal particle size should be analyzed by XRD patterns using the metal-loaded chars at the beginning of the CO 2 gasification reaction. Unfortunately, in the present study, it was difficult to measure the particle size because of no apparatus for producing an adequate quantity of char; therefore, the relationship between the pore parameters at the loading temperature and gasification behavior is discussed by considering the changes in the structures of the observed chars at the gasification temperature.
Pore parameters of the catalyst-loaded char
In a study of the effect of supported metal on CO 2 gasification behavior of metal loaded bio-chars, the order of the reactivity was K ≈ Na > Ca > Fe > Mg (Huang et al., 2009) . Table 1 indicates that the contents of sulfur and ash in K0 and Fe0 are extremely low, indicating that the indigenous metal which is active to the CO 2 gasification is removed. Therefore, their effects on CO 2 gasification would be negligible relative to those of K and Fe. Table 3 shows the BET surface areas, pore volumes, and average pore diameters, which were derived from the BET plots, and the areas and volumes of the mesopores, which were derived from the BJH plots. For K0, no apparent adsorption-desorption isotherm was observed, suggesting that the surface area was extremely small. For all the char samples except K0, the BET surface areas were almost the same as the mesopore areas; this indicated that mesopores were dominant in the char samples in the present study. For the Fe-loaded chars, all the parameters increased with increasing Fe content up to 10%. The pore parameters of Fe23, except the average pore diameter, were lower than those of Fe10. For the K-loaded chars, all the pore parameters were lower than those of the Fe-loaded chars at similar metal contents. With increasing K content from 2.1 to 20%, the average pore diameter increased from 13.3 to 32.5 nm. The mesopore volume of K20 was relatively large (0.011 cm 3 g −1 ); however, the BET surface area, pore volume, mesopore area, and mesopore volume (except for K20) were independent of K content. The development of porosity in carbonaceous materials has been shown to depend on the type of acid and the concentration used for catalyst metal impregnation (Suzuki, et al., 1996 , Moreno-Castilla, et al., 1998 , Williams and Reed, 2003 , Ahmad, et al., 2013 . In the study of char production through the carbonization of Fe-loaded bark using Fe(NO 3 ) 3 by Suzuki et al, the specific surface area decreased with increasing Fe content (Suzuki, et al., 1996) . This trend opposes that observed in the present study. The original bark was immersed in an aqueous solution of Fe(NO 3 ) 3 , followed by heating up it to obtain Fe-loaded bio-chars. Therefore, Fe 3+ aggregated to form large Fe particles during carbonization of bark, leading to blockage of pores and the decrease in the specific surface area increasing Fe content. Table 3 Specific surface areas, pore volumes, and average pore diameters of the Fe-and K-loaded chars. Figure 2 shows the XRD patterns of the Fe-loaded chars. Peaks corresponding to α-FeOOH (goethite) and α-Fe 2 O 3 (hematite) were observed in the patterns of Fe2.2, Fe4.6, Fe10, and Fe23, whereas no crystalline structure was observed for Fe0. Table 4 shows the crystal sizes of α-FeOOH and α-Fe 2 O 3 calculated using Eq. (10). The α-FeOOH crystals were smaller than the α-Fe 2 O 3 crystals because FeOOH was converted to Fe 2 O 3 during the evaporation of water. Both crystal sizes increased with increasing Fe content. For Fe0 and Fe2.2, the α-FeOOH and α-Fe 2 O 3 crystals were smaller than the average pore diameter in Table 3 . In contrast, for Fe4.6, Fe10, and Fe23, the α-Fe 2 O 3 crystals were almost the same as and larger than the average pore diameter. The mesopore area dominated the total surface area because the BET surface area was almost the same as the mesopore area (Table 3) . Therefore, the iron (II) acetate solution penetrated into the mesopores, where Fe 2+ was oxidized to Fe 3+ to form FeOOH, followed by the formation of Fe 2 O 3 . When the Fe content increased, the weight ratio of Fe 2+ and H + to char increased. Therefore, the C-C bonds on the surface reacted with H + and e − to form C-H bonds, causing an increase in the surface area with increasing Fe content. The mesopores developed and the pore diameter increased with increasing Fe content; however, at greater than 4.6% Fe, the α-FeOOH and α-Fe 2 O 3 crystals aggregated to form crystals that were larger than the average pore diameter. For Fe23, large Fe 2 O 3 crystals that blocked the mesopores formed because an excess amount of Fe 2+ was supplied to the char. BET When the Fe-loaded chars were heated to the desired gasification temperatures under flowing Ar, α-FeOOH was converted to Fe 2 O 3 , which then aggregated. Figure 3 shows SEM-EDX photographs of the Fe-loaded chars. The EDX images imply that the distance between the particles attributed to Fe decreases with increasing Fe content. Assuming that the same ratio of loaded Fe was released during heating to the gasification temperature, the order of the Fe contents of the Fe-loaded chars at the gasification temperature would be the same as that when they were loaded with Fe. Table  4 shows that α-Fe 2 O 3 particle size increases with increasing Fe content up to 10%, but remains approximately constant above 10% Fe. This result indicated that the char structures restricted further increase in the Fe 2 O 3 particle size when higher than 10% Fe was loaded. Therefore, the increase in the Fe 2 O 3 particle size might also be restricted when the Fe-loaded chars were heated to the gasification temperature. Figure 4 shows the XRD patterns of the K-loaded chars. No peaks corresponding to any crystal were observed in activated carbon using different concentrations of HCl solutions, the mesopore area increased with increasing HCl concentration up to 1 mol L −1 and exhibited a maximum value at 1 mol L −1 , whereas carbonates were removed at 2 mol L −1 HCl (Ahmad, et al., 2013) . In the present study, the weight ratio of H + to char increased with increasing K content, thereby increasing the pore diameter. However, K + penetrated the mesopores without the formation of K compounds, which could be loaded in the mesopores because the ionic products of the K compounds were larger than those of the Fe compounds such as FeOOH. Accordingly, for K-loaded chars, the specific surface areas were independent of the K content because no redox reaction occurred during the loading of K. Fig. 4 XRD patterns of the K-loaded chars. Figure 5 shows SEM-EDX photographs of the K-loaded chars. The EDX images show that the distance between particles attributed to K decreased with increasing K content. A portion of the loaded K would sublime during heating to the gasification temperature under flowing Ar. The average pore diameter was sufficiently large for K vapor to diffuse into the mesopores; therefore, K loaded in the mesopores would be sublimed and released. Assuming that the same ratio of loaded K was released during heating to the gasification temperature regardless of the K content, the order of the K content for K-loaded chars at the gasification temperatures would be the same as that when K was loaded. for Fe23 at 900 and 1000 °C were respectively 3.3 times and ~ 8 times higher than those of Fe0. The maximum K p was obtained for Fe23 at 1050 °C (1.1 min −1 ) and was nine times higher than that of Fe0. Figure 7 shows Arrhenius plots for the Boudouard reactions using K-loaded chars. The gasification temperatures were 750, 800, 900, and 1000 °C. For all chars, the K p increased monotonously with increasing temperature. The K p was enhanced at lower gasification temperatures up to 10% K content. In contrast, the addition of K to char at levels above 10% exhibited no catalytic effect. Table 5 shows the activation energies of the CO 2 gasification reactions calculated from the Arrhenius plots shown in Figs. 6 and 7. For Fe-loaded chars, the activation energy increased with increasing Fe content. For K-loaded chars, a maximum value (274 kJ mol −1 ) was observed for K10. In the CO 2 gasification of bio-chars derived from pine, which is similar to the Douglas fir employed in the present study, activation energies of 134-259.4 kJ mol −1 have been reported (Senneca, 2007 , Fermoso, et al., 2009 , Seo, et al., 2010 . These values are comparable to those for K0 and Fe0 (161-177 kJ mol −1 ). Hurt et al. suggested that the structure of the char derived from coal affected the Boudouard reaction behavior (Hurt, et al., 1991) . The differences in the activation energies of the previous reports and the present study are attributed to the char structure and residual metal in the char. Table 5 Activation energies for CO 2 gasification of Fe-and K-loaded chars. Figure 8 shows the effects of the Fe and K contents on the K p at 900 °C. The K p values of the K-loaded chars are extremely high compared to those of the Fe-loaded chars. In particular, the K p for K10 (5.4 min −1 ) is ~300 times that of K0 and 90 times those of Fe10 and Fe23. For Fe-loaded chars, K p increased with increasing Fe content up to 10% and was almost constant above 10% Fe. Taking into account that the char structure restricted the increase of the Fe 2 O 3 particle size at greater than 10% Fe, the excess addition of Fe to the chars would restrict the development of pores and accessibility of CO 2 to the active sites even at the gasification temperature.
CO 2 gasification reactivity
Fe0
Fe2. K was assumed to be an effective metal catalyst; an optimum K content was obtained for CO 2 gasification using Kand Fe-loaded bio-chars that contained negligible amounts of other elements. For all chars, the specific surface areas were very small (Table 3) . Therefore, the change in the specific surface area during heating to the gasification temperature would be negligible, and the differences in the surface areas and pore parameters of the K-loaded chars would hardly affect the CO 2 gasification behavior.
It was not still elucidated why K p for K10 exhibited the maximum value. A portion of the loaded K would sublime during heating to the gasification temperature: In a study regarding the release of alkaline metals during the pyrolysis of biomass using a surface ionization method, the mass spectra area attributed to the amount of K released up to 900 °C was ~ 90% of that released up to 1000 °C (Olsson, et al., 1997 , Davidsson, et al., 2002 . Thus, it was assumed that 90% of the loaded K sublimed during heating of the K-loaded chars up to 900 °C. When the K-loaded chars were heated to 900 °C and the char surface was covered with a monolayer of K atoms, the surface area of K was estimated as follows:
where S K (m 2 -K·g −1 -char) is the K-occupied area per gram of K-loaded char when a monolayer of K is formed, M K (g −1 -char) is the number of K atoms contained in one gram of K-loaded char when the temperature reached 900 °C, and S (m 2 -K) is the area occupied per K atom. Here, it is assumed that K + is a sphere with radius of r (m), and the hexagon circumscribed about a circle with a diameter of 2r is regarded as the area occupied by a K atom. Thus, S is estimated as follows: S = 6r 2 /3 0.5
(14) Table 6 shows the estimated values of loaded K and S K when r is 133 pm (Pauling, 1960) . For comparison, the BET surface areas of the K-loaded chars are also shown in Table 6 . For all chars, the S K area was much larger than the BET surface area. These results indicated that the loaded K atoms formed multilayers. Table 6 Comparison of the loaded K area and BET surface area.
The CO 2 gasification reaction mechanism in the presence of K has been proposed to be as follows (Moulijn, et al., 1984 , Kopyscinski, et al., 2013 
where KC (site) represents an active site for carbon combined with K and K(s) represents mobile K atoms. CO 2 molecules accessed KC (site) s to produce KC-O and CO. With increasing K content up to 10%, K p increased because the accessibility of CO 2 molecules to the active sites increased. However, when the K content was more than 10% upon the loading of K, the K atoms were dispersed and layered on the char surface even though some would sublime during heating to the gasification temperature, which decreased the number of KC (site) s. As a result, the K p for K20 was lower than that of K10. For the Fe-loaded chars, the reaction mechanism would be similar to that of the K-loaded chars. The K p values for the K-loaded chars were higher than those of the Fe-loaded chars because Fe particles were formed more easily and there were fewer active sites, such as FeC, at similar metal contents.
In the present study, the K p values of K-loaded chars were higher than those of Fe-loaded chars. Moreover, the value of K p for K10 was the highest. High-purity K 2 CO 3 would be obtained after CO 2 gasification of 10% K-loaded bio-chars that contained negligible amounts of other elements. K 2 CO 3 is highly soluble in water (112 g in 100 g water at 20 °C) and acetic acid solution. Therefore, it is possible to recycle and reuse K catalysts. However, it is also necessary to collect the K metal sublimed during heating and the gasification reaction. In the near future, we will investigate the collection and reuse of K catalyst metal.
Conclusion
We examined the effects of the Fe and K contents on the CO 2 gasification behavior of Fe-and K-loaded chars that contained negligible amounts of poisoning elements. For the Fe-loaded chars, the K p values of Fe23 at 900 and 1000 °C were respectively 3.3 times and ~ 8 times higher than those of Fe0. At 900 °C, the K p increased with increasing Fe content up to 10% and remained almost constant above 10% Fe. For the K-loaded chars, the highest K p was 5.4 min −1 for K10 at 900 °C; this value was ~ 300 times higher than that of K0 at 900 °C and 90 times higher than that of the Fe-loaded chars at 900 °C. Excess loading of K in the char (i.e., upon loading greater than 10%) led to a decreased number of active sites, followed by a decreased K p .
